Abstract: Small-scale disturbance is a significant process in all major forest biomes. Some silvicultural practices, particularly group selection harvesting, intend to emulate natural small-scale disturbance by harvesting small clearcuts in the continuous forest. We conducted a meta-analysis on the effects of small-scale harvesting on North American breeding forest birds. We extracted species richness and relative abundance of several functional bird groups and guilds from published studies and compared them between gap-dominated and unlogged forest as a function of forest type and the size and age of the gap. The abundance of many bird groups was higher in the gap-dominated than in the continuous forest. Species preferring interior parts of the forest had the most negative association with the presence of gaps but this relationship was not statistically significant. Abundances of many bird groups increased with increasing gap size, while its effect on abundance of some bird groups disappeared quickly. Our review suggests that silvicultural practices that bring about small gaps do not negatively affect the abundances of most forest birds and often even enhance it. However, more studies are needed to examine optimal size and abundance of gaps in a forest and whether emulated small-scale disturbance effectively mimics natural processes.
Introduction
Small-scale disturbance, such as openings in continuous forest created by windfalls or insect outbreaks, is common in all major forest biomes. It is an important process affecting the dynamics of the forest (Hallé et al. 1978; Pickett and White 1985; Syrjänen et al. 1994) and is expected to affect the diversity of all forest-dwelling organisms. However, despite the vast literature concerning the role of gap dynamics in forest succession and tree regeneration, less attention has been paid to the effects of gaps on other taxa inhabiting forest biomes. The effects of small-scale gap disturbance on the diversity of forest-dwelling organisms can be inferred from the habitat diversity hypothesis (Williams 1964) . Because small-scale disturbance increases the amount of habitat types within continuous forest, it can be predicted to increase the species number and abundance. Bird abundance and species richness have indeed been found to be positively correlated with habitat diversity and structural variation in habitats (Hildén 1965; Haila 1983; Chalfoun and Martin 2007) .
The effects of gap formation on bird communities has mostly been studied in North America where small-scale harvesting, such as group selection harvesting or comparable methods, has been used in forest management to emulate natural forest dynamics. In this method, groups of trees are removed creating small openings in the forest. In general, most studies suggest that small-scale harvesting (e.g., Yahner 1984; Derleth et al. 1989; Moorman and Guynn 2001) increases bird species diversity by providing breeding habitat for early-successional birds.
Effects of small-scale disturbance may, however, not always be positive. Different functional bird groupsguilds -may have varying responses to small-scale harvesting (e.g., Germaine et al. 1997; Buford and Capen 1999; Robinson and Robinson 1999) . In addition, variation in management practices, such as the size of a cut area, and the lack of consistency in reported results make it difficult to draw conclusions on the effect of such management on forest birds from single studies. Taking into account the need to mimic natural processes in managed forests (Hunter 1990; Hansen et al. 1991; Mönkkönen 1999) , it is important to know how forest bird communities respond to small-scale disturbance and the direction and magnitude of response.
We conducted a meta-analysis on the effects of smallscale disturbance by harvesting on North American forest birds using published studies addressing this question. According to the habitat diversity hypothesis, we expected higher species richness and abundance at gap-dominated forest than in continuous forest. Potential varying effects of gaps on forest bird community were examined by classifying species into ecological guilds according to their nesting microhabitat, foraging habits, migratory status, and preference for forest interior and edge and comparing their abundances between continuous and gap-dominated forest. We further examined the effects of disturbance on forest birds in more detail by including forest type and gap size and elapsed time since disturbance as explanatory variables. The theory predicts that gap size has a positive effect on abundance and species richness of bird communities, at least up to some unknown threshold value.
Methods
We gathered studies for the meta-analysis by using the ISI Web of Science search engine with the following key words: forest gaps, natural disturbance, tree-fall gaps, selective cutting, forest perforation, group selection, canopy gaps and birds, forest openings and birds, and selective logging and birds. Our data search spanned 1975-2008, inclusive. We also checked the reference lists from the selected studies to increase the sample size of the study. Studies that were included in the analysis had to compare bird diversity and abundance in continuous versus gap-dominated forest and include abundance estimates for all observed bird species, or at least the most abundant species. We focused solely on North American studies. From each study, if reported by the author(s), we obtained the size and the age of the gap and the average number of bird species observed in gap-dominated and continuous forest. Bird surveys in gap-dominated forest included the gap and parts of the surrounding forest. If actual or average size of a gap was not reported, we used (in five studies) the maximum value of the reported gap size range (in most cases <0.8 ha). The maximum value was used because it covers the entire gap size range and thus better reflects the average response of birds than the minimum value.
Because the presence of gaps may have different effects on species, we calculated the abundance of several ecological guilds and groups (number of observed bird pairs for each guild and group) from the reported data by summing the abundances of species and compared them between continuous and gap-dominated forests. We opted for rather robust and elementary bird groups and guilds to keep their number low and because selected studies covered the whole of North America and species usually show geographical variation in breeding and foraging preferences. We classified species according to their nesting microhabitats (ground, offground, and cavity breeders), foraging habits (foliage gleaners, ground, aerial, and bark foragers), and preference for either interior parts of the forest or edge. Species preferring forest edges usually, but not always (Imbeau et al. 2003) , prefer early-successional forests. Such a classification is expected to capture the effect of small-scale disturbance on birds because gaps incorporate elements of early-successional stages and increase the amount of edge within the continuous forest, which probably enhances nest site availability and reflects the quality and amount of available food resources (e.g., Blake and Hoppes 1986 ; see also Helle and Muona 1985) . Classification of species followed those of Marshall and Richmond (1992) , except the division between forest interior and edge species, which was based mainly on Imbeau et al. (2003) and also on Moorman and Guynn (2001) and Faccio (2003) . Division to forest interior and edge species is not consistent because there is no comprehensive approved classification of all North American bird species. If there was contradictory information about forest Note: n, number of included surveys; E, mean effect size; CI, 95% bootstrap confidence intervals, fail-safe values for detecting publication bias. Statistically significant effect sizes (CI excludes zero) are bolded.
interior or edge preference among the above sources, we followed Imbeau et al. (2003) . Population declines of many neotropical migrants in North America have been associated with loss and fragmentation of mature forests (e.g., Wilcove et al. 1986; Rappole and McDonald 1994) . We therefore categorized species according to their migratory behaviour (resident birds and short-distance and neotropical migrants) to examine the effect of small-scale disturbance on them. Partial neotropical migrants (only part of the population migrates to the neotropics) were regarded as short-distance migrants. We also compared the pooled abundance of all birds, avian nest predators (Corvidae), and the abundance of a brood parasite, brown-headed cowbird (Molothus ater), in continuous and gap-dominated forests.
The data were analyzed using the MetaWin 2.0. (Rosenberg et al. 2000) . Our data consisted of average species richness and abundance estimates of birds in continuous and gap-dominated forests, and Hedge's d was used as a meas- Fig. 1 . Relationship between the effect size (Hedges's d) reflecting effects of small-scale disturbance for a sample of examined forest bird groups and guilds and gap size: (a) species richness and (b) total pooled abundance of forest birds and pooled abundances of (c) residents, (d) neotropical migrants, (e) cavity nesters, (f) foliage gleaners, and species preferring (g) the forest interior and (h) edges. Solid and open circles represent studies conducted in hardwood and conifer forests, respectively. In analyses for species richness, average values reported by authors were used; all other values were based on our calculations from the data. urement of the effect size (Rosenberg et al. 2000 ). Hedge's d reflects the direction and magnitude of change in bird community relative to the opening of gaps in the forest. It was calculated as a difference in focal estimate between continuous and gap-dominated forests corrected by the sample size of the study and standard deviation of abundance estimate. Standard deviation was estimated from abundance estimates of species within each bird guild or group. Here, positive effect sizes denote higher species richness or abundance in gap-dominated forests. The statistical significance of the mean effect size was estimated by calculating 95% confidence interval by the bootstrap method with 999 iterations. Effect sizes around 0.5 are medium in magnitude and values larger than 1.0 can be regarded as a very large effect (Gurevitch and Hedges 1993) .
Effect sizes were used in random effects model analysis using least square regression (Rosenberg et al. 2000) in which gap size and age were used as continuous predictor values because gap size (Moorman and Guynn 2001) and age (Robinson and Robinson 1999) have been shown to affect the composition of bird assemblages. Observed heterogeneity in the data is divided into the heterogeneity explained by the regression model (Q gap size or age ), which reflects the significance of gap size and age, and the residual error heterogeneity (Q error ). The effect of forest type (hardwood versus coniferous) was analyzed by using forest type as a categorical random variable, which also enables testing the difference in effect size between forest types. Here, MetaWin 2.0. applies a procedure analogous to that of analysis of variance. Random effects models were used because it is reasonable to believe that there is no one true effect size shared by all studies, but in addition to sampling error, there also is random variation among studies (see also Lampila et al. 2005) . Effects of forest type and gap size and age were analyzed separately.
In most cases, one study produced one effect size per bird group. However, we extracted several effect sizes from three papers (Derleth et al. 1989; Robinson and Robinson 1999; Moorman and Guynn 2001) where the authors had divided abundance data relative into distinct habitat types or different gap sizes. Several effect sizes from the same source may result in nonindependence among data points (Gurevitch and Hedges 1993). However, effect sizes resulted from different bird survey data making them usable for our purposes. If abundance estimates were reported for multiple years, they were averaged for this study. The normality of data was examined visually from normal quantile plots (Rosenberg et al. 2000) . In the analyses of species richness and aerial foragers, and in analysis of cowbird abundance, there were one and three studies, respectively, that lay outside of the 95% confidence intervals implying slight deviations from normality.
Publication bias, mostly resulting from overrepresentation of statistically significant studies (Rosenberg et al. 2000) , was examined using fail-safe numbers. Fail-safe values report the number of additional nonsignificant studies that need to be included in the meta-analysis before observed results switch to nonsignificant. There is no rigorous and widely acknowledged threshold value in the fail-safe method that would imply publication bias. A large fail-safe value relative to sample size suggests that publication bias is unlikely and can be safely ignored; however, a low value cannot be considered as a proof for publication bias (Rosenberg 2005) . A commonly cited rule of a thumb for a robust enough fail-safe value is >5n + 10 (where n is the the number of studies) suggested by Rosenthal (1979) . However, Note: Q error indicates the amount and significance (P 1 ) of unexplained heterogeneity and Q gap size the heterogeneity explained by the model, b is the regression coefficient for gap size, and P 2 is the statistical significance for b. P 2 values <0.1 are bolded. Rosenberg (2005) considered it arbitrary and too conservative (in our study, it would be 65).
Results
We found 11 studies that met our criteria (Table 1) . Seven studies were from hardwood forests and four from conifer forests. The age of the forest in unlogged and gap-dominated forest was at or close to the mature forest stage (>50 years, in most cases >100 years). In general, smallscale disturbance induced by harvesting increased the diversity of forest bird assemblages. In most bird groups, the effect sizes (which reflect impacts of small-scale disturbance) were positive and larger than 1, suggesting a strong influence (Table 2 ). In the whole data set, average effect size for species richness was positive and medium in effect but this Fig. 2 . Relationship between the effect size (Hedges's d) reflecting effects of small-scale disturbance for a sample of examined forest bird groups and guilds and gap age: (a) species richness and (b) total pooled abundance of forest birds and pooled abundances of (c) residents, (d) neotropical migrants, (e) cavity nesters, (f) foliage gleaners, and species preferring (g) the forest interior and (h) edges. Solid and open circles represent studies conducted in hardwood and conifer forests, respectively. In analyses for species richness, average values reported by authors were used; all other values were based on our calculations from the data. result must be interpreted cautiously due to low sample size and relatively low fail-safe value. The effect size for total pooled abundance of forest birds was very strong and statistically significant (Table 2) . Also, all three migratory bird and nesting groups were more abundant in gap-dominated forest than in a uniform forest ( Table 2 ). The only foraging guild that seemed to be insensitive to gaps was aerial foragers. Effect size for bird species considered to inhabit interior parts of the forest was negative but not statistically significantly (Table 2 ). In contrast, species preferring edges were clearly more abundant in gap-dominated than in continuous forest in both forest types ( Table 2 ). The abundance of brown-headed cowbirds was also moderately higher in gapdominated forest than in the uniform forest whereas gaps did not seem to have an effect on avian nest predator abundance (Table 2) .
Birds in deciduous forest seemed to have a somewhat stronger effect on small-scale disturbance than in conifer forest (Table 2 ), but differences in effect sizes between forest types were not significantly different for any bird group (P > 0.211). However, these results must be treated cautiously because of the low sample size in conifer forests.
Gap size did not have an effect on species richness (Fig. 1a) but had a positive association with abundances in about 50% of the examined bird groups (Table 3 ; Fig. 1) . None of the groups had a significant negative association between abundance and gap size (Table 3) . In most analyses, the error heterogeneity of effect sizes was large and statistically significant (Table 3 ), indicating that studies did not share a common effect size and additional explanatory variables existed.
The age of the gap also explained abundances of some bird groups, although the sample size of older gaps was small (in three studies, gap age was 10 years). Abundance of resident birds deviated from other groups by being positively associated with gap age ( Fig. 2c; Table 4 ) whereas the total abundance of birds (Fig. 2b) and abundances of neotropical migrants (Fig. 2d) , off-ground nesters (Fig. 2e) , and foliage gleaners (Fig. 2f ) were negatively related with gap age (Table 4) .
These results appeared to be relatively free of publication bias as indicated by large fail-safe values relative to the sample of the study (in most cases much larger than 30) ( Table 2) . Zero fail-safe values are due to statistically insignificant results.
Discussion
The results of the meta-analysis that included studies from a wide geographical range from South Carolina to Alaska showed a consistent pattern: effect sizes reflecting the influence of forest gaps on the abundance of breeding birds were mostly positive and large (effect sizes in most cases >1.5), implying that small-scale disturbance by harvesting (mostly by group selection) increased the abundance of forest birds. Also, the brood parasite, the brown-headed cowbird, was more abundant in gap-dominated than in continuous forest, which may bring about indirect negative effects on hosts. These results are similar to those found on the long-term effects of group selection harvesting on forest birds (Campbell et al. 2007) . Despite some differences between forest types, effects of small-scale disturbance appeared to be somewhat similar in hardwood and coniferous forests. However, this comparison suffers from low sample size in coniferous forests and more studies are needed to examine potential differences among forest types. Note: Q error indicates the amount and significance (P 1 ) of unexplained heterogeneity and Q gap age the heterogeneity explained by the model, b is the regression coefficient for gap age, and P 2 is the statistical significance for b. P 2 values <0.1 are bolded.
We did not observe any significant negative effects on abundance. However, there is plausibly substantial variation among species in their response to gaps. For example, species considered to prefer edge were clearly more abundant in gap-dominated than in continuous forest, while forest interior birds had an opposite response, although not statistically significantly. Similar results have also been observed in other studies (Gram et al. 2003; Leupin et al. 2004) , implying that small-scale disturbance by harvesting may also have adverse effects, particularly on species inhabiting interior parts of large forest tracts.
The most likely reason for higher abundance in gap-dominated forests is the emergence of breeding opportunities (nest sites and food) for species preferring early-successional stages when heterogeneity in forest increases (Campbell et al. 2007) . Foraging opportunities in gap-dominated forests may increase with rising net primary productivity, resulting in increases in the variability of insect food in young vegetation. It has been shown that the number of plant species and aboveground net primary productivity may increase by 300%-400% from small (0.016 ha) to large (2.0 ha) gaps (Phillips and Shure 1990). Higher net primary productivity on gaps most likely reflects the food resources of most birds, insect fauna, which have been shown to be more plentiful in gaps and along edges between continuous forest than within undisturbed forest (Blake and Hoppes 1986 ; see also Helle and Muona 1985; Martin and Karr 1986; Jokimäki et al. 1998 ; but see Van Wilkenburg et al. 2001 for contrasting results).
Meta-analysis allows us to extract more explanatory variables from these studies than is possible from any single original study. In these data, the size, and to a smaller extent the age, of the gap turned out to be an important factor for many birds. Abundances of neotropical migrants and offground nesters were negatively correlated with the age of the gap. Their abundances peaked shortly after the disturbance (<5 years), but the effect nearly disappeared only 14 years after harvesting (see also Robinson and Robinson 1999) . In contrast, the abundance of resident birds was positively correlated with gap age. Conceivably, disturbances give rise to important habitat elements in forest required by residents that need time to develop. Because many resident forest birds are cavity nesters, this element may be snags and dead trees providing suitable substrate for excavating nests.
The range of harvested gap size varied from 0.05 to 2.0 ha, which correlated positively with the average total abundance of birds and abundances of about 50% of the examined bird groups, such as foliage gleaners, aerial foragers, short-distance migrants, and edge-preferring species. This result is in line with other earlier empirical studies showing a positive association between gap size and species richness and abundance (Rudnicky and Hunter 1993; Moorman and Guynn 2001) . Resident birds (Niemi et al. 1998; Imbeau et al. 2001) and neotropical migrants in the eastern hardwood forests (Wilcove et al. 1986; Mönkkönen and Welsh 1994; Rappole and McDonald 1994) have been suggested to be particularly sensitive to anthropogenic changes in habitat structure. In our data, residents did not show a response to gap size, and abundance of neotropical migrants was positively correlated with gap size. Conceivably, those species groups are resilient to disturbance at a small scale.
A possible guideline for management decisions is to mimic patterns of natural disturbance. In eastern North America, forest gaps originating from hurricanes, ice storms, and severe winds are common, average gap size being 0.2-0.5 ha and the largest size about 3.5 ha (Runkle 1982; McNab et al. 2004 ). Seymour et al. (2002) advised against cutting gaps larger than 0.2 ha to maintain the natural rotation of seral stages at the landscape scale. In contrast, DeGraaf and Yamasaki (2003) recommended cut sizes to be at least 0.8 ha to create enough habitat for species preferring early-successional stages. A few studies have been conducted in naturally created gap-dominated forest (gap sizes 0.01-1.2 ha) and found that small-scale disturbance enhances the diversity of the bird community compared with undisturbed forest (Greenberg and Lanham 2001; Faccio 2003; see also Fuller 2000) . Hence, our results parallel those of empirical studies examining disturbance caused by natural processes. However, our knowledge on the effects of smallscale disturbance on birds, particularly by natural processes, is clearly too limited to draw definitive conclusions about the relative effects of natural versus human-made disturbance.
Sustainable forestry aims at retaining viable populations of all naturally occurring species in the landscape (Hunter 1990; Mönkkönen 1999; Imbeau et al. 2001 ). Thus, maximizing species richness (diversity) and abundances (persistence) is an objective only at large spatial scales (regional and global). At the local patch scale, sustainable management should aim at maintaining natural ecological processes, thereby providing resources and habitats for those species that would otherwise suffer from land management. Our results suggested that no major functional or behavioural group of forest birds suffer from small-scale gap harvesting. Thus, this management regime could be an effective instrument for most bird species in reconciling economic and ecological objectives in landscapes under commercial use. However, there still may be individual species that suffer from creating small-scale gaps in continuous mature forests. Retaining dense populations of such edge-intolerant species would require larger intact forest areas. Given the likely variable responses by birds to small-scale gaps, we suggest that a mixed strategy of timber management where group selection harvesting is just one option may be necessary to support the full range of breeding birds. However, variable harvesting intensity -the size and amount of gaps per unit area -at the landscape scale has not been addressed or quantified yet in this context (see Campbell et al. 2007 ), and we see this as a challenge to future studies.
Finally, we would like to encourage researchers to report basic statistical parameters of their data as precisely as possible. As a reward for thorough and publicly available information, better large-scale and multivariable quantitative ecological analyses could be made that would help us to understand better the patterns and processes in nature.
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